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SYNOPSIS: Lorna Prieta Earthquake of October 17, 1989 caused severe damages in the San Francisco 
Bay Area. Field measurements made during the earthquake and analyses performed to date indicate 
that bedrock accelerations were amplified to 2 to 3 times in propagating through deep cohesive 
deposits. In view of this, the performance of a hazardous waste and sanitary landfill subjected to 
Lorna Prieta Earthquake and founded on deep cohesive deposits was evaluated. Analyses indicate that 
the peak accelerations at the base of the refuse are slightly amplified in propagating through the 
refuse thicknesses of up to about 50 feet. For higher refuse thicknesses, the peak base accelera-
tion attenuates significantly. Slope stability and liquefaction analyses were also performed using 
these accelerations. The results indicate some but small potential for plastic deformation. These 
results were supported by the post-earthquake field inspection and the field data collected during 
the earthquake. 
INTRODUCTION 
San Francisco Bay Area was shaken by the Lorna 
Prieta Earthquake on October 17, 1989. This 
earthquake measured 7. 0 on the Richter scale 
and produced approximately 8 to 10 seconds of 
strong ground shaking. The epicenter was lo-
cated on a segment of San Andreas Fault sys-
tem, approximately 16 km northeast of Santa 
Cruz and 30 km south of San Jose (Seed et al., 
1990) . 
Damages resulting from this earthquake includ-
ed widespread landslides in the epicentral re-
gion, liquefaction in the Marina area located 
on artificial fill, structural failures in 
commercial and residential buildings, struc-
tural failure of vital transportation system, 
and severe disruption of utilities and other 
lifeline facilities. Majority of the damages 
were reported on sites underlain by deep cohe-
sive soil deposits which served to amplify the 
relatively modest levels of shaking produced 
in the bedrock, and resulted in considerably 
stronger levels of surface shaking at these 
locations (Seed et al., 1990). 
A number of hazardous waste and sanitary land-
fill sites in the Bay Area were also subjected 
to this earthquake. As the capacity of exist-
ing landfills is being exhausted and potential 
new landfill sites are declining, the refuse 
piles are achieving unprecedented heights to 
accommodate ever increasing volume of solid 
waste. This situation has resulted into grow-
ing concern over the operational safety and 
structural integrity of landfills during and 
after strong motion earthquakes. 
In this paper the effect of the Lorna Prieta 
Earthquake on an existing hazardous waste and 
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sanitary landfill is investigated using lo-
cally recorded near field ground motion. The 
primary objective of this study is to assess 
the stability, deformation, and overall per-
formance of the subject landfill by comparing 
the results of available analysis techniques 
with the observed and recorded field behavior. 
LANDFILL DESCRIPTION 
West Contra Costa Sanitary Landfill (WCCSL), 
consisting of Class I (hazardous) and Class II 
(sanitary) wastes, is located next to the 
shoreline in Richmond, CA. This landfill en-
compasses about 350 acres of reclaimed marsh-
land on the southeastern shore of San Pablo 
bay. The landfill is divided into three sepa-
rate adjoining areas (Figur-e 1): an inactive, 
28-acre hazardous waste management facility 
(HWMF); an active, 160-acre Class II landfill; 
and a 162-acre non-disposal area. This land-
fill is surrounded by light industrial areas 
to the east, natural marshlands to the south, 
and San Pablo bay to the north and west. 
FIELD AND LABORATORY INVESTIGATIONS 
In recent years, several studies have been 
performed at the WCCSL site which include: a 
compilation of the soil stratigraphy from 
geotechnical boreholes and CPT probings around 
HWMF and Class II area, the compilation of 
data on the properties of bay mud through ex-
tensive field and laboratory test programs, 
Shear and compression wave velocity measure-
ments for the bay mud, alluvial soils, and 
refuse by down-hole geophysical logging, and 
water levels monitoring around HWMF and 
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Figure 1. Layout Map of West Contra Costa Sanitary Landfill (WCCSL) 
Class II area. 
Interpretation of the surface topography and 
field investigation information in and around 
HWMF and Class II area indicate that typically 
20 to 110 feet of refuse fill overlies 40 to 
50 feet of soft bay mud that grades to stiff 
bay mud at further depth. The bay mud is pri-
marily a silty clay with inter-fingering sand 
layers at various depths. The clay has soft to 
stiff consistency and sands are loose to 
medium dense. The ground water level in the 
interior of the landfill is at or above the 
mean sea level, which in general is the top of 
the bay mud forming the foundation of the 
landfill. 
The average wet density of the bay mud is 
about 105 pcf and undrained strength ranges 
from 200 to 1,500 psf. The field measured 
average shear wave velocities in refuse fill, 
soft bay mud , and stiff bay mud are 570, 400, 
and 770 feet per second, respectively. 
GROUND MOTION RECORDS 
Ground motions were recorded at several sta-
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tions in the Bay Area, located within a few 
kilometers to over 100 kilometers from the 
epicenter. Some of the stations were installed 
by the California Strong Motion Instrumenta-
tion Program (CSMIP) [Shakal et al. (1989) l 
and others by the U.S. Geological Survey 
(USGS) [Maley et al. (1989)]. Of particular 
interest in this study is the "free-field" mo-
tion recorded at a rock-site station in Yerba 
Buena Island (a large rocky outcrop near the 
center of the bay) which is located about 
17 km south of WCCSL. The recorded time his-
tory of E-W component of the motion at Yerba 
Buena Island, with a peak acceleration of 
0.067 g, is shown in Figure 2. The peak accel-
eration was adjusted to a value of 0. 06 g, 
based on attenuation relation presented by 
Joyner and Boore (1988), to account for the 
distance between the Yerba Buena Island and 
WCCSL. The adjusted rock accelerogram was used 
for the ground response analyses at the land-
fill site. 
GROUND RESPONSE ANALYSES 
The local soil conditions exert a major influ-
ence on the nature and severity of ground 
shaking during an earthquake by altering the 
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Figure 2. Recorded Accelerogram at Yerba Buena Island (E-W Component) 
accelerations propagating from the bedrock to 
the ground surface. This phenomenon was also 
observed in the motions recorded at the rock 
and soft soil stations during Lorna Prieta 
Earthquake (Seed et al., 1990). To incorporate 
the effect of local soil condition on the up-
ward propagating bedrock motion at the WCCSL, 
equivalent linear ground response analysis was 
performed using program SHAKE (Schnabel et 
al., 1972). 
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Figure 3. Generalized Soil Profile and Material 
Properties at WCCSL 
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Input Parameters 
A generalized soil profile used for the re-
sponse analyses at the WCCSL is shown in Fig-
ure 3. The layering in upper 140 feet was 
based on the most recent field investigations 
in and around HWMF. Soil profile below these 
depths as well as depth to bedrock was based 
on available literature ( Goldman, 1969; Seed 
and Sun, 1989). 
Material properties of soils in upper 140 feet 
were determined by laboratory testing, and 
those of deeper soils were estimated on the 
basis of available data (Seed and Sun, 1989; 
Idriss, 1990). These properties are also pre-
sented in Figure 3. Shear wave velocities were 
measured in upper 130 feet using down-hole 
geophysical method (Sharma et al., 1990). An 
unit weight of 130 pcf and shear wave velocity 
of 6, 000 feet per second were used for the 
bedrock. 
In SHAKE, the nonlinearity of the shear modu-
lus and damping is accounted for by the use of 
equivalent linear soil properties using an it-
erative procedure to obtain values for modulus 
and damping compatible with the effective 
strains in each layer. The normalized shear 
modulus (G/GMAx>, and damping values as a 
function of shear strain were selected for 
various soil types based on curves published 
by Seed and Idriss (1970), Sun et al. (1988), 
and Singh (1989). The pairs of modulus and 
damping curves used for clay, sand, and refuse 
are shown in Figures 4, 5, and 6, respec-
tively. 
Results of analyses 
The calculated peak ground acceleration at the 
top of the bay mud is 0.18 g. For correspond-
ing peak bedrock acceleration of 0.06 g, this 
plots right on the most recent empirical cor-
relation presented by Idriss (1990) for ini-
tial estimates of peak horizontal accelera-
tions on soft soil sites, as shown in Fig-
ure 7. The results of the response analysis 
reveal that the deep cohesive deposits at the 
WCCSL amplify the bedrock accelerations to 2 
to 3 times in propagating motion to the ground 
surface. The amplification of this magnitude 
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Figure 4. (a) Normalized Modulus Reduction Re-
lationship for Clays with Different Plasticity 
Indices (Sun, Golesorkhi, and Seed, 1988); 
(b) Damping Ratios for Saturated Clays (Seed 
and Idriss, 1970) 
recorded in the Bay Area (Seed et al., 1990). 
The Unit weight of refuse and field measured 
shear wave velocity in refuse can widely vary 
depending on the amount of compactive efforts 
imparted at the time of placement and state of 
decomposition at the time of measurement. 
Thus, owing to the uncertainties pertaining to 
the refuse properties, a parametric study was 
performed with SHAKE using accelerogram com-
puted at the top of the bay mud as input to 
the base of the refuse. Figure 8 shows varia-
tion of peak acceleration and peak shearing 
strain as a function of depth for a selected 
range of shear wave velocity in 90 feet thick 
refuse. Similar results in 90 feet thick 
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Figure 5. (a) Normalized Modulus Reduction Re-
lationship for Sands with Different Mean Ef-
fective Pressures (Joseph Sun, 1988); 
(b) Damping Ratios for Sands (Seed and Idriss, 
1970) 
shown in Figure 9. The results show that for 
the selected range of refuse shear wave veloc-
ity and unit weight, depth profiles of peak 
acceleration and peak shear strain do not 
change significantly. 
The calculated peak accelerations at the top 
of the refuse for the refuse thicknesses of 
20, 40, 50, 60, and 90 feet are 0.21 g, 
0.20 g, 0.18 g, 0.16 g, and 0.14 g, respec-
tively. These results indicate that greater 
the refuse thickness, lower is the peak sur-
face acceleration due to inherent energy ab-
sorption mechanism of refuse. The data base on 
the dynamic response of the refuse fill is 
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Figure 6. (a) Normalized Modulus Reduction Re-
lationship for Refuse (Singh, 1989); (b) Damp-
ing Ratios for Refuse (Singh, 1989) 
LIQUEFACTION ASSESSMENT 
During the earthquake, soil liquefaction is 
associated with saturated, loose sands and 
silty sands. If liquefaction is triggered, it 
may cause slope movements, settlements, and 
sand boils. The subsurface conditions on the 
western, northwestern and southern perimeters 
of HWMF were explored with rotary wash borings 
and cone penetrometer tests (CPT) . The lique-
faction potential of various sand layers be-
neath the HWMF was evaluated, based on CPT in-
formation, using the procedure suggested by 
Seed and Alba (1986). 
The results of 25 liquefaction evaluations 
performed around the HWMF perimeter are plot-
ted in Figure 10. Peak surface acceleration 
value of 0.21 g, obtained from site response 
analysis, was used for the liquefaction as-
sessment. As shown in Figure 10, about 
50 percent points plot left of the curve cor-
responding to 15 percent fines (value rep-
resentative of silty sand at the WCCSL), indi-
cating susceptibility to liquefaction. Field 
inspection of landfill site, soon after the 
earthquake, did not yield any evidence of dam-
age. This may be attributed to the fact that 
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Figure 7. Variations of Accelerations on Soft 
Soil Sites Vs Rock Sites (Idriss, 1990) 
relatively thin (1 to 3 feet thick) and are 
overlain by over 10 feet of cover. Based on 
field studies performed to date, threshold 
value on the thickness of the overlying cover 
to prevent the occurrence of liquefac-
tion-induced damage due to 3 feet thick sand 
layer subjected to 0.21 g peak surface accel-
eration is about 3.3 feet (Ishihara, 1985), 
which is much less than the existing cover of 
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Figure 8. Profiles of Peak Acceleration and 
Peak Shearing Strains in 90 feet Thick Refuse 
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Figure 9. Profiles of Peak Acceleration and 
Peak Shearing Strains in 90 feet Thick Refuse 
for Different Unit Weights of Refuse 
The post-liquefaction settlement was also 
evaluated at the locations where liquefaction 
potential was assessed. The settlement esti-
mates were made using cyclic stress ratio, 
standard penetration test value, and volumet-
ric strain relationship presented by Tokimatsu 
and Seed (1987), as shown in Figure 11. The 
results of settlement analysis, also shown in 
Figure 11, indicate that in response to Lorna 
Prieta Earthquake the maximum volumetric 
strain at any location around HWMF was less 
than 3. 6 percent. This amounts to less than 
1.5 inches of settlement in 1 to 3 feet thick 
sand layers. 
STABILITY ANALYSES 
The seismic stability of WCCSL was also evalu-
ated for the Lorna Prieta Earthquake using pro-
gram STABL (1975). The computer simulation was 
conducted along the most critical sec-
tions A-A' and B-B' at the HWMF perimeter and 
section C-C' at the Class II perimeter, as 
shown in Figure 1. The critical sections were 
selected based on steepest grade. The soil 
stratigraphy was based on the most recent sub-
surface exploration and the material proper-
ties were based on existing data base on 
WCCSL. Most recent water level monitoring in-
formation was used to locate water table. The 
section C-C' had the highest slope and steep-
est grade among the three sections analyzed, 
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Figure 10. Relationships Between Cyclic Stress 
Ratios Causing Liquefaction and N1 (60) Values for Silty Sands forM= 7.0 Earthquake 
Both circular and noncircular failure surfaces 
were searched, and the circular failure sur-
face was determined to be the most critical of 
the two at all the sections. The Static factor 
of safety for the sections A-A', B-B', and 
C-C' are 6.37, 2.14, and 1.71, respectively, 
and corresponding yield accelerations are 
1.1 g, 0.15 g, and 0.08 g. The yield accelera-
tion is that horizontal acceleration acting 
through the center of gravity of sliding mass 
which reduces the static factor of safety to 
1. 0. The average acceleration at each section 
was also determined. This was done by summing 
the peak accelerations of all the layers after 
multiplying them by the ratios of respective 
layer mass to the total sliding mass. The av-
erage accelerations so calculated at sec-
tions A-A', B-B', and C-C' are 0.19 g, 0.15 g, 
and 0.11 g, respectively. 
Seismic deformations were evaluated using mod-
ified Newmark's chart (Makdisi and Seed, 
1977). The estimated deformation at sec-
tion A-A' is negligibly small, but a small 
deformation of about 0.1 and 3 inches is esti-
mated at sections B-B' and C-C', respectively. 
FIELD MONITORING 




pairs of slope Indicator and SON-
(S-1 through S-6) were installed 
barrier wall along the eastern 
the HWMF at the locations shown in 
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Figure 11. Relationships Between Cyclic Stress 
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and Seed, 198 7) 
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Figure 1. These were installed about one year 
prior to Lorna Prieta Earthquake to monitor 
lateral and vertical movements of the barrier 
wall. Being already in place they provided ex-
cellent opportunity to quantify the effect of 
Lorna Prieta Earthquake, in terms of ground de-
formation, by comparing post and pre-earth-
quake field deformation data. 
Figure 13 shows the absolute lateral deforma-
tions recorded at various depths since initial 
installation in slope indicator casings S-2, 
S-4, and S-6. The data indicate that after the 
earthquake, the absolute deformations either 
increased or decreased compared to previous 
readings. Also, in most of the casings, the 
amount of deformation between the two subse-
quent readings following the earthquake is 
smaller than the deformation in the reading 
interval during which the earthquake occurred . 
Although there is a clear evidence of in-
creased deformation due to earthquake, the to-
tal lateral deformation recorded in any slope 
indicator as a result of ground shaking is 
less than 0. 2 inch. This indicates that the 
ground shaking due to Lorna Prieta Earthquake 
did not result in any significant deformation 
at the WCCSL. The vertical deformation data 
from SONDEX casings were scattered, and the 
values were small showing no clear trends, and 
therefore are not reported. 
The landfill was field inspected immediately 
after the ground shaking to record any earth-
quake-induced damage. The inspection of the 
refuse toe and slopes, and integrity evalua-
tion of numerous well casings along the land-
fill perimeter, indicated no sign of measur-
able deformation at the subject landfill. 
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Figure 13. Lateral Deformation In Slope Indi-
cator Casings: (a) S-2 (b) S-4 (c) S-6 
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CONCLtTSIONS AND RECOMMENDATIONS 
The analysis and data presented in the preced-
ing sections lead to the following conclu-
sions: 
1. Site response analyses reveal that the deep 
cohesive deposits at the WCCSL amplify the 
bedrock accelerations to 2 to 3 times in 
propagating motion to the ground surface. 
The amplification of this magnitude was 
also exhibited by the accelerations record-
ed in the Bay Area (Seed et al., 1990) 
2. Site response analyses also reveal that 
refuse significantly modifies the earth-
quake motion in propagating it to the top 
of the refuse. The peak base acceleration 
is amplified in refuse thicknesses of up to 
about 50 feet. For higher refuse thick-
nesses, the peak base acceleration attenu-
ates significantly. 
3. For refuse thicknesses ranging from 20 to 
90 feet, the selected ranges of refuse 
shear wave velocity (570 to 650 feet per 
second) and unit weight (45 to 65 pcf) do 
not significantly affect the peak accel-
eration profile in the refuse. 
4. The results of liquefaction potential anal-
yses indicate that some sands below the 
base of the refuse will liquefy, but the 
estimated post-liquefaction settlements due 
to the volumetric strains would not exceed 
1.5 inches at any location. These results 
are in agreement with the fact that no liq-
uefaction-induced damage was identified 
during the field observations immediately 
after the Lorna Prieta Earthquake. 
5. Static and seismic slope stability analy-
ses, performed at the critical sections of 
Class I and II areas, indicate some poten-
tial for plastic deformation (a maximum of 
about 3 inches) for calculated average ac-
celerations. The estimated deformations 
correlate fairly well with negligible small 
deformations monitored in slope indicator 
casings. Further, complete absence of de-
formation evidence during post-earthquake 
field inspection validates the results of 
deformation analysis. 
6. The results of the site response analyses 
indicate that the peak ground acceleration 
attenuates with increasing refuse thick-
ness. This may have an important bearing on 
slope stability and liquefaction evalua-
tions. It is therefore recommended that a 
few selected landfills in the earthquake-
prone areas be instrumented to record fu-
ture earthquake motions at the top of the 
refuse to validate the findings. 
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